A numerical model is proposed for the description of bed deformation in a non-steady-state flow in open, ice-covered, and partially covered by ice flows, as well as during ice jam formation under the effect of a release wave. The model is based on the solution of one-dimensional Saint Venant equations and Eksner's continuity equation for the solid phase of transported material. The studies and calculations showed that under the conditions of an essentially non-steady-state flow, the rate of bed deformation can gradually decline and completely vanish; bed scouring predominates in the case of jam formation in flows with a bed composed of a sufficiently coarse material; all other conditions being the same, the presence of bed forms in a flow can facilitate the formation of an ice jam, which allows the relevant measures to be taken to prevent its formation.
INTRODUCTION
The objective of this study is the development of a mathematical model to describe the deformation of bed by a non-steady-state flow covered by ice during the formation of ice jams and the numerical implementation of this model. The achievement of this objective requires the solution of several problems, including the evaluation of characteristics of a non-steady-state flow with allowance made for its interaction with ice cover, simulation of the appearance and evolution of ice jams, calculation of transport of bottom and suspended sediment. The solution of these problems involves the use of a large number of parameters, which often vary in accordance with changes in the scale of a problem. That is why we are compelled to restrict our consideration at the first stage by a one-dimensional approximation, which allows the major regularities to be identified.
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Symposium on Ice (2006) Thus, the one-dimensional model will only enable the assessment of bed deformation and does not pretend to consider planar shore deformations. However, this formulation permits the assessment of channel deformation for real facilities that satisfy one-dimensional approximation, for example, for channels and rectilinear river reaches with flow-resistant shores.
PROBLEM FORMULATION
The one-dimensional models most widely used to simulate sediment transport in an open flow are based on a system of equations of motion and continuity of the Saint Venant's type in a conservative or nonconservative form for the description of fluid dynamics in combination with Eksner's continuity equation for the solid phase (sediments). A very large number of empirical and semi-empirical relationships are known to exist for the description of solid discharge in Eksner equation. This often hampers their choice for the solution of the general problem. The results of modeling based on the use of different dependences can be not only different but even contradicting to one another. Therefore, it appears reasonable to perform numerical experiments using various relationships for determining sediment discharge and to choose the relationships that yield results not defying common sense, at least for obvious variants of the solution. The channels where coarse (pebble or gravel) material predominates are commonly described by Eksner equation taking no account of suspended sediments. In channels composed of finer material, one should take into account the suspended load discharge, which is either described by matter transport equation or calculated by the integration over depth of the product of flow velocity multiplied by the concentration of material at a given horizon with both these functions estimated by empirical or semi-empirical methods. Both approaches require the knowledge of the vertical distributions of velocity and concentrations of suspended sediment, that is, a twodimensional problem is to be solved. In our case, where one-dimensional problem is being solved, we only need to use the results of solution of this problem in the form of parametric relationships.
Modeling sediment transport in ice-covered flows is yet to be developed. At the same time, the difference between sediment transport in open and ice-covered channels can be due, primarily, to changes in the overall bed resistance and the lack of fine sediment input from the watershed. Here, the suspended sediment field is formed mostly due to bed material.
MAIN EQUATIONS OF THE MODEL
The one-dimensional model of sediment transport is based, as most models for open flows (Armandi and Di Silvio, 1988 Di Cristo et al., 2003) , on Saint Venant and continuity equations for the calculation of flow velocities and water levels (in a nonconservative form) or discharges (in a conservative form) for the liquid phase and Eksner continuity equation for the solid phase.
In the case of a rectangular prismatic channel without lateral inflow, the standard representation of these equations in a conservative form is as follows
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where x and t are space and time coordinates, respectively, g is gravitational acceleration, h is water depth in the section, z b is the deviation of bed surface, p is bottom material porosity, Q and Q s are water and sediment discharges per unit width, respectively, τ b is bed drag, which is commonly expressed in terms of roughness coefficient in the Manning form.
Evaluation of sediment discharge
Sediment discharge Q s comprises the discharge of bottom sediments Q sb and suspended sediments Q ss . Out of the variety of formulas for the description of sediment discharges Q s , we used, in one case, the simplest Engelund's relationship, which did not use division into suspended and bottom sediments:
where U is the vertically averaged velocity, d is mean particle diameter, ρ s is the density of particles, ρ is water density.
In the other case, we used, for the discharge of bed load, the formula obtained by Meyer-Peter and Muller for a homogeneous flow (Di Cristo et al., 2003 )
where с7 = 0.047, u * is the dynamic velocity,
The discharge of suspended sediment was calculated as
where u(z) is the local velocity.
The distribution of suspended sediment concentration с(z) was taken in the form (Graf, and Cellino, 2002, McLean, 1992) ( )
where z is vertical coordinate; w is sediment settling velocity; κ is von Karman constant; a is the thickness (equivalent to bed roughness) of the layer in which bottom sediment transport takes . A large number of formulas is known to describe the dependence of w on the density, particle sizes, and the kinematic viscosity of the liquid ν (Debol'skii et al., 1994 , Rossinskii, 1975 , McLean, 1992 . In this study, we used the dependence
The vertical distribution of velocity in the ice-covered flow was calculated using the dependences: ∆ are the sizes of roughness juts of ice and bed surfaces, respectively, which can be connected with roughness coefficient in Manning's form following Shtricler's formula (Bowden, 1983) :
MODELING RESULTS

Bed deformations during jam formation
The necessary condition for the formation of jams is the destruction of ice cover and flow velocity increase above the critical value at which a separate ice-floe can dive beneath the intact ice cover. The destruction criteria were taken in accordance with (Debol'skaya, 2003) . When
ice destruction takes place, where h i is the ice thickness, E and str σ are the modulus of elasticity and the bending strength of ice. The condition of ice floe diving was taken in accordance with
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where ρ i is ice density.
The numerical experiments were making with a release wave specified at the left boundary of the flow in the form of a hydrograph with sinusoidal time dependence. The parameters of this hydrograph are as follows: the initial transit discharge of Q 0 = 3 m 2 /s; flow parameters are as follows: the initial depth h 0 = 5 m, bed slope i = 3·10 -4 , mean particle size of the bed soil d = 0.006 m, its density ρ s = 2.5ρ.
Numerical experiments made with the use of Engelund formula (4) showed that, after the formation of a jam, bed scouring is very large throughout the zone upstream of the jam, especially immediately after its formation. Figure 1 . Bed deformation at the moment of ceasing a ten-minute release. Q s was calculated using (a) Engelund formula and (b) using formula Q s = Q sb + Q ss . Figure 1a gives the curves of time variations in the bed elevation with a maximum flow discharge Q pop = 7Q 0 , the duration of release is 10 min, which is sufficient for the formation of a jam. The jam formed 8.6 min after the beginning of the release at a distance of 2515 m from the section where the release was made, that is, 15 m downstream of the initial position of the ice edge. The same calculations made with the use of relationships (5) -(9) for determining the sediment discharge yield results that are significantly different from deformations under the condition of jam formation, as can be seen from Fig. 1b , where curves of variations in bed elevation with the distance are given for the moment of the end of a ten-minute release. As can be seen from the figures, after jam formation and bed deformation, silting is found to take place in the reach upstream of the jam, and considerable scouring is observed in the reach adjacent to the jam. The result of calculation of bed deformation and flow discharge in open flows does not depend significantly on the form of relationship used to calculate sediment discharge; in the case of icecovered flow, the difference becomes more significant; and after the formation of a jam, a Proceedings oh the 18th IAHR International Symposium on Ice (2006) significant difference is observed both in terms of deformations and flow discharges. A significant effect is due to a decrease in the suspended sediment discharge in the site of jam formation. This, along with the fact that sediments cannot be transported downstream of the jam, appears to be the cause of silting the upstream part of the above-jam reach. Clearly, the use of relationships analogous to (4) and (5) cannot yield negative values of solid discharges in the flow, which can take place in oscillating flows and in the case of propagation of negative waves, which can form, for example, in the case of jam formation. This leads to the conclusion that the bed will be scoured within the entire reach between two obstacles, shown in Fig. 1b . This conclusion contradicts the common sense. Calculating suspended load by formula (9) can somewhat improve the situation, since the use of this relationship allows the negative velocities in the flow to be taken into account. However, the problem of taking into account negative velocities in the calculation of bottom sediment transport is yet to be solved.
The effect of particle size and the initial form of the bed on its deformation
To elucidate the effect of particle size on bed deformation in the three cases mentioned above and in the case of a jam, numerical experiments were conducted with flow parameters coinciding with those reflected in Fig Clearly, because of the absence of a mechanism of particle suspension, the predominant channelforming process for a flow with a bed composed of a coarser material is scouring, though the its rate is much less than that for flows with finer particles. This effect is especially pronounced in the case of jam formation.
To elucidate the effect of the initial bed shape on its deformation under nonstationary conditions, numerical experiments were conducted for a flow with an even bed and a flow with bed forms the size of which was specified in the form of a sinusoidal function z=h r sin(πx/l r ), where h r = 100d is the ridge height, and l r = 1000d is its length. The flow parameters are as follows: the initial depth h 0 = 7 m, bed slope i = 3·10 -4 , mean particle size of bed soil d = 0.01 m, its density ρ s = 2.5ρ; the release parameters are as follows: the maximum release discharge Q pop0 = 5 Q 0 and Q pop0 = 7Q 0 , Q 0 = 7 m 2 /s, the duration of release is 10 min, ice thickness h i = 2 m. It was found that in a flow partially covered with ice, at a release with a discharge of Q pop0 = 5 Q 0 , which does not cause the Proceedings oh the 18th IAHR International Symposium on Ice (2006) formation of a jam in an even-bed flow, a jam formed in the case of ridges 5.5 min after the beginning of the release; the result of this was considerable scouring of the bed (Fig. 3 ). Therefore, other conditions being the same, the presence of bed forms in a flow facilitates the formation of a jam. An increase in the release discharge up to Q pop0 = 7Q 0 has an insignificant effect on bed deformations. In all cases, the initial bed forms were leveled, and ridges disappeared. Numerical experiments showed also that soil porosity and density play a significant part in bed deformations. These results are confirmed by laboratory and field studies (Elfimov,1982 , Rossinskii, 1975 which showed that in the domain of unstable existence of bed forms, considerable external perturbations cause restructuring of bed forms accompanied by significant changes in hydraulic resistance. Sediment discharge in this case changes abruptly, which in turn, results in a new restructuring of the bed forms. This effect can be successfully used to regulate possible formation of an ice jam in the lower pool of a hydraulic structure by a small release, which allows the bed upstream of the ice edge to be changed from ridged into even. It should be mentioned that recommendations for preventing the formation of ice jams in lower pools of hydraulic structures have been made before (Armandi, 1988) . However, these recommendations are based on the destruction of ice cover, which requires much longer releases of larger volume of water than those required for the transformation of bed forms.
CONCLUSIONS
The studies and calculations performed in this work showed that the presence of an ice cover plays certain role in channel deformations, especially in the case of interaction between an ice cover and a release wave into the lower pool of a hydraulic structure or a spring flood wave.
The following features of these processes should be mentioned: the stabilization of flow after the formation of ice cover causes bed deformation; the thickness of the intact ice has an insignificant effect on both the stabilization time of an iceProceedings oh the 18th IAHR International Symposium on Ice (2006) covered flow and bed deformation as compared with the effect of bed slope on these processes; under the conditions of an essentially non-steady-state flow, the rate of bed deformation can gradually decline and completely vanish; in this case, the rate of variations in the flow is of greater significance at the first stages of bed deformation as compared with other factors; bed scouring predominates in the case of jam formation in flows with a bed composed of a sufficiently coarse material; all other conditions being the same, the presence of bed forms in a flow can facilitate the formation of an ice jam, which allows the relevant measures to be taken to prevent its formation.
